1. Introduction {#sec1}
===============

The peak age of onset for many psychiatric disorders is during adolescence, a time of marked physical and behavioral changes ([@bib21]; [@bib32]). Adolescence is a period when social interaction with peers takes on particular importance and helps shape their adult social behavioral repertoire ([@bib36]; [@bib9]). During adolescence, frequent exposure to victimization or bullying enhances vulnerability to the development of depression, anxiety, sociophobia, a loss of self-esteem, and suicide attempts ([@bib5]; [@bib8]). Although many adolescents suffer traumatic events such as bullying, only a few develop psychiatric disorders ([@bib46]).

When considering experimental approaches for studying psychosocial stress in adolescents, chronic social defeat in adult rodents appears to be an ethologically based model, showing excellent predictive, discriminative and face validity ([@bib25]; [@bib3]; [@bib14]). Furthermore, social defeat models in adult rodents demonstrate similar interindividual variability in response to social stress as seen in humans, thus providing a useful protocol for the study of the biological and molecular basis of susceptibility and resilience to emotional stress ([@bib23]; [@bib45], [@bib17]). In particular, adult mice subjected to chronic social defeat have been characterized as being either susceptible or resilient following social defeat on the basis of their social interaction performance ([@bib3]; [@bib23]; [@bib34]). Resilience to chronic social defeat stress is defined as the absence of social avoidance, which in male adult C57BL/6J mice was highly correlated with anhedonia and metabolic syndrome ([@bib34]). It is not known, however, whether the resilience to psychosocial stress in adolescents, when based solely on social interaction, will also reflect their resilience to other behavioral and physiological stress responses. In other words, are adolescent mice resilient to social avoidance also resilient to anhedonia or anxiety-like behaviors after chronic social defeat? This is of importance because the salient value of social interactions in adolescents has been reported to be higher than that in adults ([@bib13]). Furthermore, exposure to stressors has a greater impact during adolescence than at other ages (see [@bib36] and [@bib35] for references and reviews). Finally, because resilience results from developmental processes, it can be strengthened over time; thus, the examination of resilience in adolescents is essential ([@bib28]).

In this study, we aimed to explore male adolescent C57BL/6 mice susceptibility and resilience to social avoidance, anhedonia and anxiety-like behaviors, body weight change and basal blood corticosterone after 10 days of chronic social defeat stress. We tested whether the heterogeneity in their responses in each phenotype was correlated. This study is important because the assessment of social interactions after defeat sessions has been intensively used as a proxy for the evaluation of potential resilience mechanisms in adult animals, whereas the appropriateness of using such assessments among adolescent animals remains unspecified.

2. Methods and materials {#sec2}
========================

2.1. Animals and housing {#sec2.1}
------------------------

Male C57BL/6 mice from a breeding colony established in our vivarium (Institute of Tropical Medicine, University of Sao Paulo Medical School, Brazil) were weaned at 21 days of age, maintained in cohorts of three or four in standard polypropylene cages, and then singly housed one day before the first defeat session. Adult male CD-1 mice from our in-house breeding colony were maintained in isolation for at least three weeks. They were tested and selected for high levels of aggressive behavior during social confrontations with nonexperimental C57BL/6 adult males over three days to be used as stimulus aggressors. In the morning of the first defeat session, each CD-1 mouse was transferred into the social defeat cage (polypropylene box with autoclaved wood shavings; 44 x 34 × 16 cm, divided in half by an acrylic perforated partition). All animals had free access to autoclaved rodent chow (Nuvilab CR1/Nuvital, Colombo, PR, Brazil) and tap water. Animals were kept on a 12-h light/dark cycle (lights on at 07:00 h), with temperature and humidity remaining fairly constant in closed and ventilated stands (Alesco, SP, Brazil). Experiments were carried out in accordance with the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral Research (ILAR, Washington, D.C., EUA), and the protocol was approved by our local committees (CEUA-ICB nº 173/2013 and CEUA-IMT nº CPE-IMT/172).

2.2. Chronic social defeat stress {#sec2.2}
---------------------------------

The chronic social defeat stress (CSDS) paradigm described for adult male mice ([@bib14]) was used with minor modifications. Thirty-day-old C57BL/6 mice were randomly assigned to control or experimental groups. The experimental mice were individually introduced into the social defeat cage in the compartment of a resident male CD-1 mouse. The aggressor attacked the adolescent intruder for 5 min, and then the experimental mouse was removed and immediately placed in the contiguous empty side for the remaining 24 h. By this procedure, the adolescents were protected from repeated attacks but remained threatened by olfactory, visual, and auditory contact with the aggressor. The CSDS was performed for 10 consecutive days, from 14:00 h to 18:00 h, with the defeated mouse moved into different aggressor cages every day. The pairing between each adolescent and CD-1 mouse was randomized daily to minimize the variability in aggression to which the mice were exposed. Control adolescent mice were paired in identical social defeat cages, but each one was placed in a different compartment; consequently, there was no physical contact between them. This was performed in a distinct experimental room, where control animals were rotated to a new social defeat cage and paired on a daily basis. After the last day of social stress, both defeated and control adolescents were individually housed.

2.3. Determination of body weight gain {#sec2.3}
--------------------------------------

Body mass was assessed prior to the first CSDS session (at 30 days old) and again after the last session (at 40 days old) for both experimental and control mice. Body weight gain was determined as the difference between both measurements.

2.4. Behavioral studies {#sec2.4}
-----------------------

Animals from both groups were tested in an alternating way from 8:00 to 12:00 h according to the experimental design timeline shown in [Fig. 1](#fig1){ref-type="fig"}. Sessions were recorded by a video camera. The images were analyzed later by researchers unaware of the experimental groups using ViewPoint® software (Videotrack 3.0.; Viewpoint, Lyon, France).Fig. 1**Experimental design**. Timeline showing all the steps of the experimental manipulations. Thirty-day-old C57BL/6 male mice were exposed daily to chronic defeat stress (CSDS) from an aggressive CD-1 mouse during 5 min of physical interaction (occurring in the afternoons), followed by 24 h of protected cohabitation with the aggressor (threat period) over 10 days. Control adolescents were paired in similar cages as the experimental mice (and at the same time) but were placed in different compartments; thus, they were protected from physical interactions. All the pairing compositions were changed every day. All adolescent mice were subjected to an overnight sucrose preference (SP) test before (basal) and on the 7th, 8th, 9th and 10th nights of the CSDS period (with measurements performed the next morning). The elevated plus maze (EPM) test and social approach-avoidance (SAA) test were performed in the morning on the last two days of the CSDS, respectively.Fig. 1

Sucrose preference (SP) test: Anhedonic behavior was assessed by a standard sucrose preference test ([@bib38]) with some modifications. Adolescent mice were habituated to the presence of two drinking tubes (50 mL Falcon® with siliconized rubber stops and stainless steel sipper tubes), one containing tap water and the other containing 1% sucrose solution, in their home cages for two consecutive days before the CSDS paradigm was initiated. Sucrose (Merck) in a 1% water solution has been shown in preliminary studies from our group to provide a robust sucrose preference in adolescent C57BL/6 male mice (\~80% over tap water). Following this acclimation phase, this procedure was repeated one extra day for the basal measurement recording and again at the four last days of the defeat sessions, when the bottles were given in the social defeat cage (at the compartment of the defeated mouse). Drinking sessions started at 17:00 h and ended at 21:00 h, and the amount consumed by each mouse was measured by weighing each bottle at the beginning and end of the sessions. Mice had free access to tap water between drinking sessions (9:00 to 17:00 h). To avoid place preference bias, the relative position of bottles (left *vs*. right) was changed every day. No previous food or water deprivation was applied before the test. SP % was calculated as the sucrose solution intake (mL)/total fluid intake (mL) x 100 in each drinking session, and the mean of the last four measurements was regarded as the final SP %.

Elevated plus maze (EPM) test: The test was conducted according to [@bib4]. The apparatus was made of black Formica and consisted of two opposing open arms (30 cm long, 5 cm wide) and two closed arms (30 cm long, 5 cm wide, with 15 cm high walls) that extended from a central platform elevated 47 cm above the floor. Each mouse was placed individually on the central area with the head facing an open arm and was allowed to explore the maze for 5 min. This test was performed under standard light conditions (\~82 lux), and an increase in the percentage of open-arm entries (open/total) and the percentage of open-arm time (open/open + closed) indicates a decrease in anxiety-like behavior.

Social approach-avoidance (SAA) test: This test was used to assess sociability in mice based on the preference of rodents to spend time with another conspecific rather than remaining alone or to explore nonsocial stimuli ([@bib39]). The apparatus consisted of a transparent plexiglass box (40.5 X 60 × 22 cm) divided into three chambers of equal size (40.5 × 20 cm) by walls with a 7 × 7 cm square opening that could be closed by a slide door (Noldus, Wageningen, Netherlands). We used only two contiguous chambers of the apparatus because, in preliminary studies from our group, this configuration has been shown to provide more reliable social approach time when using adolescent male mice, mainly due to their known elevated drive towards the exploration of unknown environments ([@bib27]). The test mouse (defeated or control) was first placed in the left chamber and allowed to explore for 3 min, with the doorway into the right chamber open. After this 3-min habituation period, the test mouse was then returned to its home cage, and an unfamiliar adolescent C57BL/6 male mouse was placed in the right chamber inside a small cylinder. This cylinder (20 × 10 cm) was made out of 18 transparent plexiglass bars placed 6 mm apart. The test mouse was then placed again in the left chamber for three more minutes and allowed to access the right chamber containing the cylinder with the strange C57BL/6 adolescent mouse. The latency to interact with the strange mouse and the time spent in the perimeter around the cylinder (interaction time) were quantified.

2.5. Blood corticosterone (CORT) concentration {#sec2.5}
----------------------------------------------

One day after the last episode of CSDS, at approximately 15:00 h, isolated defeated and control adolescents were euthanized by rapid decapitation in a randomized order. Trunk blood samples were collected in microtubes and centrifuged (10,000 ×g for 15 min at 4 °C), and the serum was transferred into clean tubes and stored at −70 °C until the assay. CORT was measured in triplicate by an enzyme immunoassay (Arbor Assays - DetectX® Corticosterone Enzyme Immunoassay Kit, K014--H5, Ann Arbor, MI, USA), which utilizes a microplate reader set at 450 nm. Serum samples were diluted 1:100 in appropriate assay buffers to be within the calibration curve range. The sensitivity of the kit was 18.6 pg/mL with a limit of detection of 16.9 pg/mL.

2.6. Statistical analysis {#sec2.6}
-------------------------

Data were tested for normal distribution using the Kolmogorov--Smirnov test. Two-tailed Student\'s *t*-test was used for analyses implicating two-group comparisons except for data that were not normally distributed, in which case a between-subject Mann--Whitney *U* test was performed. For normal data, one-way ANOVA was used to test differences among the control, susceptible and resilient groups. Significant results demonstrated by ANOVA were further analyzed for significance with Tukey\'s multiple comparison *post hoc* test. The Kruskal-Wallis test was used for comparisons among subgroups when the data did not assume a normal distribution and was followed by Dunn\'s multiple comparison test. Data are expressed as the mean ± the standard error of the mean (SEM) or the median and range. Differences were considered statistically significant when p ≤ 0.05. All results were analyzed using GraphPad Prism® (GraphPad Software, San Diego, CA, USA).

3. Results {#sec3}
==========

3.1. Sucrose preference test {#sec3.1}
----------------------------

To identify the development of anhedonia after chronic social defeat, mice were exposed to the SP test. At the basal measurement, control and defeated adolescents showed similar SP (78.77 ± 6.65%, n = 10 *vs.* 86.25 ± 1.99%, n = 20, respectively; *t* = 1.25, p \> 0.05) and similar total liquid intake (sucrose + water) (3.73 ± 0.56 mL *vs.* 4.22 ± 0.64, respectively). At the end of CSDS, the mean of the last four measurements of defeated mice showed a significantly lower SP than that of control mice (*t* = 2.35, p \< 0.05) ([Fig. 2](#fig2){ref-type="fig"}B). No differences in total liquid (mL) intake were observed between them (*t* = 0.06, p \> 0.05) ([Fig. 2](#fig2){ref-type="fig"}A). The analysis of sucrose intake revealed remarkable interindividual variability in the defeated group with the existence of two discrete subgroups: one with an SP similar to that of the control animals and another with reduced SP compared to control animals. Based on this observation, mice subjected to chronic social defeat were segregated into susceptible and resilient subpopulations. A decrease in SP below 74%, which corresponds to two standard deviations from the control mean, was taken as the criterion for susceptibility. Of defeated mice, 45% (n = 9) showed an SP below 74% and were defined as susceptible. In total, 55% (n = 11) of defeated animals demonstrated an SP over 74% and were regarded as resilient ([Fig. 2](#fig2){ref-type="fig"}C). We found a significant difference in SP among the control, susceptible and resilient groups (F ~(2,27)~ = 34.15, p \< 0.001; [Fig. 2](#fig2){ref-type="fig"}C). *Post hoc* comparisons indicated that the susceptible group was different from the control and resilient groups (p \< 0.05). The mean preference for sucrose shown by resilient mice did not differ from that of control mice (p \> 0.05) ([Fig. 2](#fig2){ref-type="fig"}C).Fig. 2**Sucrose test parameters in male adolescent mice after chronic social defeat stress**. The results represent the mean of four days of measurement. A) No difference in total liquid intake (sucrose + water; mL) was observed between the control (n = 10) and defeated groups (n = 20). B) Sucrose preference in the defeated group was significantly lower than that in the control group. C) Vertical scatterplot depicting the distribution of sucrose preference for control, resilient and susceptible mice. The dashed line represents 74% preference for sucrose over water, which corresponds to two standard deviations from the control mean and was taken as the criterion for susceptibility. Only susceptible mice (n = 9) displayed anhedonia, as measured by a reduction in sucrose preference. The mean preference for sucrose shown by resilient (n = 11) mice did not significantly differ from that shown by control mice. Mean ± SEM; \*p \< 0.05.Fig. 2

3.2. Social approach-avoidance test {#sec3.2}
-----------------------------------

The effects of social defeat stress during adolescence on social avoidance are shown in [Fig. 3](#fig3){ref-type="fig"}. Defeated mice did not differ from controls in the latency to interact with an unfamiliar adolescent male mouse from the same strain (U = 83.50, p \> 0.05) ([Fig. 3](#fig3){ref-type="fig"}A). However, the time spent in the interaction zone, another measure of social avoidance, indicated that defeated mice spent less time engaged in social interaction than controls ([Fig. 3](#fig3){ref-type="fig"}B) (*t* = 3.20, p \< 0.05). Mice were also categorized as resilient or susceptible based on the interaction time. An interaction time below 69.82 s was taken as the criterion for susceptibility to social stress, which corresponds to two standard deviations from the control mean. As indicated in [Fig. 3](#fig3){ref-type="fig"}C, 11 (55%) out of a total of 20 defeated mice failed to show social avoidance behavior and were considered resilient. A total of 9 mice (45%) showed significant social avoidance behavior in the presence of unfamiliar mice and were considered susceptible. The results demonstrated significant differences in social interaction among susceptible, resilient and control mice, as indicated by a significant change in social interaction time (F ~(2,27)~ = 27.76, p \< 0.05). *Post hoc* comparisons demonstrated that susceptible mice spent significantly less time investigating the social target mouse than controls and resilient mice (p \< 0.05). No significant differences were noted between resilient mice and controls in social interaction (p \> 0.05) ([Fig. 3](#fig3){ref-type="fig"}C).Fig. 3**Social avoidance behavior in male adolescent mice after chronic social defeat stress**. A) No differences in the latency to interact with an unfamiliar adolescent C57BL/6 mouse were observed between the control and defeated groups. B) Defeated mice showed social avoidance spending significantly less time interacting with the social target. C) Vertical scatterplot showing the interaction time for the control, resilient and susceptible groups. The dashed line represents two standard deviations from the control mean, which is \~70 s. Susceptible mice (n = 9) spent less time engaged in social interaction than controls. The time spent in social interaction by resilient (n = 11) mice did not significantly differ from controls (n = 10). Mean ± SEM; \*p \< 0.05.Fig. 3

3.3. Susceptibility and resilience in both sucrose preference and social approach-avoidance tests {#sec3.3}
-------------------------------------------------------------------------------------------------

To better understand how male adolescent mice respond to chronic social defeat stress, we tested the relationship between their two behavioral quantitative variables: sucrose preference and interaction time values after *z*-score transformation. We found no correlation between SP and SAA values (p \> 0.05, f = 0.54, r^2^ = 0.019). To visualize the broad distribution of animals through the resilience-susceptibility spectrum, defeated adolescent mice were clustered into four subgroups: resilient in both SP and SAA parameters (n = 6; blue), resilient and susceptible in each of the parameters (n = 5 purple, and n = 5 green), and susceptible in both parameters (n = 4 red) ([Fig. 4](#fig4){ref-type="fig"}).Fig. 4**Relationship between sucrose preference and interaction time parameters of socially defeated adolescent male mice and clustering observation.** Sucrose preference and interaction time values of experimental mice (n = 20) were transformed into *z*-scores using control animal data. Defeated adolescents were clustered in subgroups according to resilience and susceptibility to each parameter. No correlation was observed between sucrose preference and interaction time scores (r^2^ = 0.019; p \> 0.05). The dashed lines represent the separation criterion value for resilience and susceptibility according to each parameter.Fig. 4

3.4. Elevated plus maze test {#sec3.4}
----------------------------

The time spent in the open arms (*t* = 0.22, p \> 0.05) ([Fig. 5](#fig5){ref-type="fig"}A), the number of entries in relation to the total entries in closed and open arms (*t* = 0.27, p \> 0.05) ([Fig. 5](#fig5){ref-type="fig"}B), and the distance traveled in the open arms (U = 95.00, p \> 0.05) in the five total minutes the mice spent in the EPM did not differ between the control and experimental groups ([Fig. 5](#fig5){ref-type="fig"}C). These results indicate that adolescent defeated mice did not show anxiety-like behaviors. As shown in [Fig. 6](#fig6){ref-type="fig"}, defeated mice segregated as susceptible in the SP ([Fig. 6](#fig6){ref-type="fig"}A) or susceptible in the SAA ([Fig. 6](#fig6){ref-type="fig"}B) tests did not differ from controls or resilient mice in any EPM parameter (p \> 0.05 for all).Fig. 5**Anxiety-like behaviors in the EPM of male adolescent mice after chronic social defeat stress.** (A) Time spent in the open arms (s), B) the number of entries in the open arms in relation to open + closed arms, and C) the distance traveled in the open arms (cm) in the five total minutes the mice spent in the EPM. There were no differences between the control (n = 10) and the defeated (n = 20) groups (p \> 0.05). Mean ± SEM.Fig. 5Fig. 6**Anxiety-like behaviors in the EPM of male adolescent mice after chronic social stress according to susceptibility and resilience to the SP and SAA tests.** Susceptible animals in the sucrose preference test (n = 9) did not differ from controls (n = 10) and resilient mice (n = 11) in the time spent in the open arms (s), the number of entries in open arms (over total entries), and the distance traveled in the open arms (cm) (p \> 0.05; [Fig. 6](#fig6){ref-type="fig"}A). Susceptible animals in the social approach-avoidance test (n = 9) did not differ from controls (n = 10) and resilient mice (n = 11) in any parameter from the EPM test (p \> 0.05; [Fig. 6](#fig6){ref-type="fig"}B). Mean ± SEM.Fig. 6

3.5. Body weight gain {#sec3.5}
---------------------

Control and experimental adolescent male mice had similar body weights at the beginning of the defeat protocol (12.69 ± 0.65 g, n = 10 *vs.* 13.49 ± 0.48 g, n = 20, respectively; *t* = 1.07, p \> 0.05). The final body weights of the control and experimental mice were 17.24 ± 0.36 g and 16.63 ± 0.32 g, respectively (*t* = 1.15, p \> 0.05). Defeated mice, as a group, gained significantly less weight over the 10-day period than controls (*t* = 2.91, p \< 0.05) ([Fig. 7](#fig7){ref-type="fig"}A). When separating animals into resilient and susceptible subgroups according to the SP and SAA test results, body weight gain was different among groups (F ~(2,27)~ = 5.05, p \< 0.05; F ~(2,27)~ = 5.61, p \< 0.05, respectively). *Post hoc* comparisons showed that only the mice resilient in the SP test or those resilient in the SAA test exhibited decreased body weight gain compared to their respective controls in each test (p \< 0.05, [Fig. 7](#fig7){ref-type="fig"}B). To understand whether defeated mice totally resilient (in both the SP and SAA tests) would be the most affected in relation to body weight gain, we analyzed data from the four clustered subgroups depicted in [Fig. 4](#fig4){ref-type="fig"}. The results showed that indeed, only the resilient animals in both the SP and SAA parameters (n = 6; blue) exhibited decreased body weight gain when compared to controls (H ~(4,25)~ = 11.66 p \< 0.05), but not the resilient animals exclusively in the SP (n = 5 green, p \> 0.05) or exclusively in the SAA parameters (n = 5 purple, p \> 0.05) ([Fig. 7](#fig7){ref-type="fig"}C).Fig. 7**Body weight gain in male adolescent mice after chronic social defeat stress.**(A) Defeated animals (n = 20) gained significantly less weight over the 10-day period compared to controls (n = 10). (B) Segregation of resilient and susceptible defeated mice according to the SP or SAA tests. Resilient groups in both subsets gained significantly less body weight when compared to controls. (C) Segregation of defeated mice according to both SP and SAA resiliency-susceptibility spectra. In total, resilient mice (to both SP and SAA parameters - blue) had less body weight gain than controls. Resilient animals exclusively in the SP (green) or exclusively in the SAA (purple), and susceptible to both SP and SAA parameters (red). Mean ± SEM; \*p \< 0.05.Fig. 7

3.6. Corticosterone immunoassay {#sec3.6}
-------------------------------

[Fig. 8](#fig8){ref-type="fig"} shows the effect of CSDS on blood serum CORT concentration in adolescent mice. Twenty-four hours after the last episode of social defeat, defeated mice exhibited increased levels of blood CORT compared to control mice (*t* = 2.25, p \< 0.05) ([Fig. 8](#fig8){ref-type="fig"}A). No differences in blood CORT concentration were observed among the control (21.46 ± 5.87 ng/mL), susceptible (43.46 ± 12.01 ng/mL) and resilient groups (61.75 ± 14.78 ng/mL) (F ~(2,27)~ = 3.18, p \> 0.05) when susceptibility and resilience were based on SP test results ([Fig. 8](#fig8){ref-type="fig"}B). However, when defeated mice were separated into susceptible and resilient groups on the basis of the SAA test results, there was a significant effect of group (F ~(2,27)~ = 3.93, p \< 0.05). *Post hoc* comparisons showed that resilient mice had higher CORT levels than controls (p \< 0.05). Defeated mice were also categorized as high CORT or low CORT based on control concentrations (two standard deviations from the control mean: 56.70 ng/mL; high CORT n = 8 *vs*. low CORT n = 12). We did not find differences in behavior in the SP or SAA tests according the hormone levels of defeated mice (data not shown).Fig. 8**Serum corticosterone concentrations (ng/mL) in male adolescent mice 24 h after the last episode of CSDS**. (A) Defeated mice (n = 20) exhibited increased levels of blood corticosterone compared to controls (n = 10). (B) No difference in blood corticosterone concentration was observed among the control, susceptible (n = 9) and resilient (n = 11) groups when susceptibility and resilience were based on the SP test results, but resilient mice according to the SAA test results showed increased corticosterone when compared to the control group (p \< 0.05). Mean ± SEM.Fig. 8

4. Discussion {#sec4}
=============

We explored adolescent behavioral and physiological consequences of chronic psychosocial stress in male C57BL/6 mice (from 30 to 40 days of age) using the CSDS model. After 10 days of daily aggressive social interactions, defeated adolescent mice exhibited reduced SP, reduced social interaction time with an unknown adolescent male from their same strain, reduced weight gain and higher basal blood corticosterone concentration. These phenotypes were observed in the defeated animals as a group, but because there were remarkable individual variabilities, we were able to identify adolescents that were resilient and susceptible to different behavioral outcomes of chronic social defeat stress.

4.1. Defeated male adolescents showed anhedonia-like and social avoidance behaviors {#sec4.1}
-----------------------------------------------------------------------------------

The SP test is a widely used behavioral test that measures stress-induced anhedonia or hedonic deficit in rodents ([@bib20]; [@bib29]). The 10-day CSDS protocol caused a significant decrease in the SP of defeated adolescents when compared to controls. In our previous study, we also reported decreased SP in adolescent male mice using the 21-day protocol of repeated brief social defeat stress (from 30 to 50 days of age) ([@bib12]; [@bib56]). Limited data are available for the SP test using juvenile or adolescent mice, and there appear to be inconsistent findings. Whereas [@bib18] found that 10-day-defeated male adolescent mice displayed a reduced preference for the sucrose solution at 45 days of age, [@bib30] did not report differences in this test in 31-day-old mice using a modified protocol of social defeat (10 days with 10 min of physical contact only, without sensory threat). It is important to note that in the present study, the SP value represents the mean of measurements conducted on the 4 last days of social defeat, when they had sucrose solution as a free choice during 16 h (including their entire dark phase of the light-dark cycle, from 37 to 40 days old). By doing so, we avoided some problems associated with the experimental context ([@bib7]) and the technical problems of single-point measurements, such as bottle leakage or clogging, neophobia and side-preference bias ([@bib38]).

Another behavioral consequence of social defeat stress is social avoidance or reduced social interaction. This behavior is commonly measured after the social defeat paradigm, and, depending on certain circumstances (known or unknown social target, strain, apparatus), it can be interpreted as a fear specific to the context of the defeat, a generalized fear of any social interaction, or a lack of social interest ([@bib39]). To avoid the first interpretation (specific fear), we used an unknown conspecific from the same strain (C57BL/6) and age (adolescent) as a social target in the SAA test. We believe this design can better relate to the core symptoms of depression and posttraumatic stress disorders. Accordingly, a recent study showed that not all susceptible adult male mice (classified with respect to the avoidant phenotype in a social interaction test using mice from the same strain as the aggressor, *i.e.*, CD-1) presented social avoidance against an unknown conspecific from a different aggressor strain ([@bib48]). In our study, defeated adolescent mice, as a group, showed reduced social interaction time with peers compared to controls.

4.2. Identification of susceptible and resilient male adolescents to anhedonia-like and social avoidance behaviors after CSDS {#sec4.2}
-----------------------------------------------------------------------------------------------------------------------------

Looking at the individual values of defeated adolescents in the SP and SAA tests, we clearly see a nonhomogeneous distribution, in which some of the subjects maintained the SP and social interaction time similar to controls. In this regard, we used the control group of each behavioral test to establish a cut-off value (mean minus two standard deviations) to segregate the defeated group into two subpopulations: resilient mice (similar to the control group) and susceptible mice (different from the control group). We think this criterion is more adequate since it takes into account the control value distribution in each moment of experimental testing instead of using an arbitrary historical lowest control value ([@bib37]) or ratio ([@bib23]).

4.3. No correlation between anhedonia-like and social avoidance behaviors in socially defeated male adolescents {#sec4.3}
---------------------------------------------------------------------------------------------------------------

Interestingly, we found no correlation between these two different behavioral outcomes ([Fig. 4](#fig4){ref-type="fig"}), and only a small proportion of defeated adolescents were either totally susceptible (20%) or totally resilient (30%) for both anhedonia and social avoidance induced by the CSDS protocol. The remaining defeated mice had a distinct behavior impairment - susceptible in one test and resilient in the other. This is a novel and important finding, since the social interaction-avoidance test is currently used as a major criterion to investigate the neurobiology and molecular aspects of resilience to CSDS in male adult mice ([@bib3]; [@bib23]; [@bib34]), and it is considered a depressive-like phenotype ([@bib24]). Our results suggest that, at least in adolescents, we should not assume that resilience to one criterion would automatically align with resistance for others in such heterogeneous and complex phenotypes of stress-induced disorders.

Indeed, the lack of correlation we found between the SP and SAA test results is not surprising, since these behaviors are influenced differently by social stress. Acute episodes of social defeat in male adults are sufficient to induce social fear but not anhedonia (reduced SP), which requires long-lasting stress stimuli ([@bib39]). Additionally, we previously found that social avoidance persisted when tested 20 days after the last defeat episode in male adolescent mice, but not the reduced preference for the sucrose solution ([@bib10]), indicating that these behavioral consequences dissociate over time. The social avoidance as an enduring consequence of chronic social defeat was confirmed by other laboratories, where it was observed from 15 days up to 6 weeks after the last defeat episode ([@bib44]; [@bib15]), differently from anhedonia, which lasted no longer than 18 days ([@bib23]; [@bib26]). Accordingly, a recent study failed to show anhedonia in social-avoidant defeated juvenile mice ([@bib30]), although we cannot exclude that procedural variables may account for this inconsistency.

4.4. Generalized anxiety is not observed in defeated adolescents from susceptible or resilient subpopulations {#sec4.4}
-------------------------------------------------------------------------------------------------------------

Defeated adolescents as a group, or specific to each identified subpopulation (resilient or susceptible mice), did not show anxiety-like behaviors in the EPM test when compared to control animals. The data distribution of each parameter investigated (time, distance, or the number of entries in the open arms) in defeated mice was homogeneous and similar to control mice, preventing any subclassification. Likewise, in our previous study, adolescent defeated mice under brief and repeated social defeat for 21 days did not show anxiety-like behaviors when tested in the EPM or in the open field ([@bib56]). Juvenile male mice after 10 days of social defeat did not show anxiety-like behaviors in several tasks ([@bib30]), although different findings were also reported ([@bib17]; [@bib18]; [@bib22]). Additionally, we have also found that adolescent male mice under chronic social isolation, another type of social stress, did not show anxiety-like behaviors in the EPM, light-dark box, or open-field tests ([@bib4]). Collectively, these studies from our laboratory strengthen the notion that chronic social defeat stress in juvenile or adolescent male mice (10- or 21-day protocol) induces the social type, but not the generalized type, of anxiety.

4.5. Behaviorally resilient defeated male adolescents display reduced weight gain and increased basal corticosterone levels after CSDS {#sec4.5}
--------------------------------------------------------------------------------------------------------------------------------------

Complementary to the behavioral analysis, we quantified body weight gain and basal serum corticosterone concentration one day after the last social defeat episode since animals usually exhibit many physiological responses after chronic stress ([@bib6]). Our defeated male adolescent mice, as a group, showed reduced body weight gain when compared to controls, similar to what has been previously reported ([@bib18], [@bib19]; [@bib49]; [@bib53]). Basal corticosterone levels were higher in defeated mice than in controls, which is also consistent with the literature using the same stress model in adolescents ([@bib18]) or in juveniles immediately after the last defeat episode ([@bib30]). Although we did not quantify food intake, this phenotype may be due to the elevation in glucocorticoids and the subsequent change in the complex interplay between feeding neuropeptides and peripheral signals ([@bib50]).

Surprisingly, the defeated adolescents resilient to anhedonia, or those resilient to social avoidance, were the most affected mice in terms of both endocrine/physiological outcomes. Although it has already been established that socially defeated animals display fluctuations in body weight gain and corticosterone levels, these fluctuations were thought to be correlated with deleterious effects on behavior. A close inspection of the literature revealed that these paradoxical effects were also reported in adult male mice using the same CSDS model. Recently, a significant decrease in the body weight gain of mice resilient to social avoidance, but not mice susceptible to social avoidance ([@bib51]), was reported; these results are similar to those in our defeated adolescents. Regarding basal blood corticosterone levels, [@bib23] reported that defeated adult mice resilient to social avoidance showed a significant increase compared to susceptible mice when studied 28 days after the social defeat protocol, although no differences were found one day after the last defeat. Resilience to CSDS is reported to be associated with other physiological changes (increased relative heart mass, decreased relative thymus weight) and molecular signatures in gene expression and chromatin modifications in specific brain regions that are not seen in susceptible animals ([@bib23]; [@bib51]; [@bib41]).

The functional relevance of these findings and how they relate to the behavioral resilient phenotype of defeated adolescents is not known. Resilience is an active process of body-brain plasticity in favor of adaptation to stress and can thus involve both passive and active strategies ([@bib34]). Adaptive or maladaptive responses may depend on each particular physiological system, context and timing after stress exposure ([@bib55]). Future work should address the temporal dynamics of HPA hyperactivity in the resting state and under an acute stress challenge, as well as body weight in resilient adolescents after the cessation of stress and the persistence of behavioral responses.

An important limitation to the present investigation is that we studied only male adolescent mice. Marked sex differences in stress responses have been reported in adult rodents and humans (for reviews, see [@bib40] and [@bib16]), but limited data in female rodents during adolescence are available ([@bib9]). Additional studies should use female adolescents to explore the sex differences in the resilience phenotype after CSDS. Another limitation is related to the social defeat model. Because the social defeat model involves a dyadic interaction (resident-intruder model of aggression), it is not easy to induce similar levels of attacks on the intruders (experimental animals) throughout the 10 days. Although we tried to minimize this variability by a. testing and selecting the aggressors before the experiment (to standardize their attack latency); b. changing the aggressors daily for each defeat session (to maintain the aggressors\' interest and the strength of attacks); and c. limiting the physical contact in each session to 5 min (instead of the usual 10 min in most protocols), we cannot ensure total similarity of the aggressive acts, nor the intruders\' perception of the aggression. Indeed, this technical limitation of the social defeat model is also the basis for its translational value. Recently, the nature or quality of social stress of male mice exposed to adult ICR aggressor mice as juvenile (24 days old) and adult (70 days old) for 1, 5, and 10 consecutive days was investigated ([@bib30]). The duration of defensive behaviors (escape and submissive postures) during the stress between juvenile and adult mice was not significant different suggesting similar perception of the aggression. Because our study is primarily observational, it would be informative to learn how the impact of stress during adolescence is regulated through a distinct mechanism, or even differences in the form of Fos expression, within brain areas across the presumably resilient versus vulnerable populations of adolescent mice.

In summary, we found that male adolescent mice, after being chronic socially defeated, showed reduced SP (anhedonia) and reduced social interaction with peers (generalized social avoidance or social type of anxiety) but did not show generalized anxiety-like behaviors. These two behavioral consequences of social defeat were not correlated. We could distinguish three subpopulations of resilient adolescent mice after CSDS: 1. those resilient to both SP and social avoidance (30%); 2. those resilient only to SP (25%); and 3. those resilient only to social avoidance (25%). Studying the subjects from each subclassification in detail will improve the definition of the resilient phenotype and help advance our understanding of the behavioral spectrum of chronic stress-induced emotional impairments.

Furthermore, we found that male adolescent mice, after being chronically socially defeated, showed reduced weight gain and increased basal blood corticosterone concentration. These endocrine-physiological outcomes were more remarkable in the resilient mice in general. An important next step is to study these results in a time-point manner in each distinct subpopulation of resilient adolescent mice immediately after chronic stress and in adulthood.

5. Conclusion {#sec5}
=============

Social anxiety and depression are common and serious disorders of childhood and adolescence and are associated with more severe and more disabling forms of these illnesses in their future life ([@bib2]; [@bib1]). Psychosocial stress is the major form of stress faced by these young populations and is considered an important risk factor for the development of those disorders. Chronic social defeat stress is an interesting preclinical model that induces a whole spectrum of phenotypes resembling the clinical symptoms in humans. At the opposing ends of the spectrum are individuals resilient and susceptible to defeat stress. Studies in adult mice commonly use a single behavioral readout (social avoidance in a social interaction test after the stress paradigm) to segregate defeated animals in resilient or susceptible populations. Our study in male adolescent mice clearly demonstrates that social avoidance and decreased sucrose preference are independent behavioral responses after CSDS. These findings illustrate that, contrary to prior assumptions in adults, social defeat stress responses are more complex and singular in adolescents, and caution should be taken for the correct interpretation and translation of those phenotypes. Our results also highlight and strengthen the concept of resilience to CSDS as an active process and the importance of attention to individual variability in the subject\'s responses in different biological systems due to the multidimensional aspects of chronic stress-induced disorders, especially in young ages.

Finally, we propose a better characterization of social defeat stress responses as a critical step to advance our understanding of the mechanisms behind stress resilience that translate to human experience.
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